Abstract Accurate estimation of sediment transport is critical for many fluvial processes but remains challenging due to high-frequency dynamics. Using novel acoustic flow instrumentation, we quantified the contribution of turbulent bed and suspended sediment fluxes to the total sediment fluxes along an entire dune profile and over the full flow depth. We found that over the dune stoss side and in the bed load layer, the turbulent mean streamwise flux is negative and reaches up to 40% of the total mean streamwise flux. Over the lee side, where turbulent intensities are highest, the contribution of the turbulent mean streamwise flux to the total mean streamwise flux is larger and reaches up to 50%. The mean vertical turbulent flux along the entire dune bed and in the bed load layer reaches nearly 30% of the total mean vertical flux. Turbulent sediment flux may thus constitute a large component of the total flux.
Introduction
Dunes are rhythmic features observed at a variety of spatial-temporal scales and are of central importance for many water management purposes. River dunes result from the interaction between flow and sediment transport and exert a significant influence on the nature of turbulent flow, which in turn controls the processes of sediment transport, sediment pickup, and deposition [Best, 1996] . Predictions and quantifications of the morphology and behavior of dunes necessarily require the consideration of complex interaction mechanisms between turbulent flow, dune form, and sediment transport [Parsons and Best, 2013] .
Turbulent sediment transport is generally evaluated by applying a Reynolds decomposition, where the mean (advective) part of sediment transport is separated from the fluctuating (turbulent) part. Equations (1) and (2) illustrate the Reynolds decomposition for streamwise and vertical sediment fluxes with u as the streamwise, w as the vertical flow velocity components, and c as the sediment concentration.
For accurate predictions of dune morphology and dune evolution, ideally, the total mean sediment fluxes are required in both streamwise (cu (kg m À2 s À1 )) and vertical (cw (kg m À2 s À1 )) directions. However, dune-related studies in the past have mainly focused on the measurements of mean advective sediment flux distribution (c u and c w) along dune beds, while turbulent sediment flux components (c′u′ and c′w′) have received much less attention. Consequently, the contribution of turbulent sediment fluxes to the total sediment fluxes have not been fully determined. In addition, their exact distribution along the dune bed and their contribution to dune migration are poorly understood.
This gap of knowledge is principally attributed to the fact that there are inherent limitations of instruments for providing the simultaneous and co-located measurement of both multicomponent flow velocity and sediment concentration [see Naqshband et al., 2014, and references therein] . Therefore, a majority of sediment transport studies above mobile dune beds have been limited to the indirect measurements of sediment fluxes deploying two separate instruments to measure the flow velocity and sediment concentration at different positions in the flow [e.g., Parsons et al., 2005; McLean et al., 2008; Wren et al., 2007; Coleman et al., 2008; Wren and Kuhnle, 2008; Kostaschuk et al., 2009; Shugar et al., 2010] . As a result, sediment dynamic studies above dunes are limited to flow scales larger than the separation distance between the NAQSHBAND ET AL. Kostaschuk et al., 2009; Shugar et al., 2010] . Because the ADCPs use separate diverging acoustic beams working in a multimonostatic configuration, it is impossible to determine co-located turbulent flow and sediment quantities [Shugar et al., 2010] . This technical aspect is particularly limiting for measurements close to the bed where the separation distance between the different (monostatic) beams can reach several meters. This hinders the use of ADCP technology to fully resolve the flow velocity in the lee side separation/deceleration zone of the dune due to the strong spatial nonuniformity of the flow in this near-bed region [e.g., Parsons et al., 2005; Shugar et al., 2010] .
A newly developed acoustic system, the acoustic concentration and velocity profiler (ACVP) developed by allows us to measure simultaneous and co-located vertical profiles of flow velocity (u and w) and sediment concentration (c) referenced to the acoustically measured position of the flow bed. The spatiotemporal resolution of the ACVP technology is sufficiently high to resolve small turbulent flow scales as previously shown by Mignot et al. [2009] and . From the high-rate profiling of the streamwise u, the vertical w velocity components, and the co-located sediment concentration c, the direct measurements of the total mean sediment fluxes cu and cw are obtained (see equations (1) and (2).
Another novelty of the ACVP technology is its capacity to profile these sediment fluxes across both the bed load layer and the suspension load layer (see section 2 for more details on the ACVP). Recently, the ACVP has been successfully applied under waves Chassagneux and Hurther, 2014] and in flume experiments above migrating sand dunes where the distribution and contribution of both bed load and suspended load to dune migration were investigated . showed-for the measured flow conditions-that bed load is the dominant mechanism for dune migration. For their study, they only focused on the distribution of the total sediment fluxes along dune beds where the turbulent sediment fluxes were not addressed.
By using the ACVP in this study, we are able to measure-for the first time-the contribution of the turbulent sediment flux to the total sediment flux along the dune profile and over the entire water column. Beyond a better understanding of the physical interaction processes between the flow and the transported sediments, these insights can be used for validation of complex numerical models that predict turbulent flow and sediment concentration above bed forms [e.g., Nabi et al., 2013] . Moreover, such unique high-resolution data are useful for the improvement-via calibration-of engineering codes modeling sediment transport. The bed shear stress is corrected for the influence of sidewall roughness using the method of Vanoni and Brooks [1957] for the calculation of the hydraulic radius R b .
b Flume width B = 0.50 m. The following expressions are used for different parameters: 
Flume Experiments and Instrumentation
The flume experiments were carried out in the hydraulics laboratory of the Leichtweiss Institute of the Technical University of Braunschweig, Germany. Below, the experimental setup and experimental conditions are outlined briefly followed by a description of the deployed instruments. For a more detailed description of the experimental work, reference is made to .
The total length of the flume is 30 m, where the effective measuring length is approximately 8 m. Equilibrium flow and bed conditions were obtained by adjusting the flume slope and the weir at the end of the flume for a predefined water depth and water discharge (see Table 1 thick was installed over the entire length of the flume, and the predefined discharge was set (see Figure 1a) . During the experiments, the entire sand bed was continuously scanned using three echo sensors fixed on a semiautomatic carriage. As the discharge was set, ripples appeared instantaneously (see Figure 1b) . These ripples-by merging and splitting-advanced into dunes, and eventually, a steady state condition was reached, where the dunes propagated through the flume with a constant speed and without significantly changing shapes (see Figure 1c ). This dynamic equilibrium was obtained by evaluating the measured dune height and dune length data with the bed form tracking tool of Van der Mark et al. [2008] . The dynamic dune equilibrium was reached after approximately 150 min with an equilibrium dune height Δ e of 0.082 m and equilibrium dune length λ e of 2.25 m (see Table 1 ).
To study the contributions of the turbulent sediment fluxes to the total sediment fluxes along dunes, profiles of flow velocity and sediment concentration were measured using the ACVP. Measurements with the ACVP started as soon as the dunes were in a dynamic equilibrium (Figure 1 ). The carriage with the ACVP was located at a fixed position along the effective measuring section of the flume, and the dunes migrated below the carriage at a constant speed. An entire dune was generally captured within less than 1 h of ACVP measurement. For the analysis of sediment flux data, an averaging period of 10 s was chosen. Within this period of time, the bed displacement was negligibly small compared to the dune length (0.7 cm for a dune length of 2.25 m). In addition, this averaging period of 10 s was chosen to encompass both the short-term turbulent events (small burst and sweeps) and relatively long-term turbulent events (larger energy-carrying structures: vortices and eddies).
For a proper functioning of the ACVP, the set of ACVP sensors must be submerged totally in the flow. As the water depth in the experiments was limited (25 cm), this necessity would reduce the measurement height above the bed significantly. In addition, due to its dimensions, the ACVP would induce flow and bed shape perturbations. To avoid this, a partly enclosed PVC box was constructed and filled with water to produce negative pressure in the box. The ACVP was fixed in this box and located just below the water surface allowing the measurement of sediment fluxes over nearly the entire flow depth (see Figures 1d and 1e ).
The ACVP technology combines an acoustic Doppler velocity profiler [Hurther and Lemmin, 2001; Mignot et al., 2009 ] with a multifrequency acoustic backscatter system (ABS) [e.g., Thorne and Hanes, 2002] into a single measuring tool allowing the direct measurement of sediment fluxes in the suspension layer and in the bed load layer. The major advantage of this single system is that it provides bed referenced, simultaneous, co-located profile measurements of two-component flow velocity and sediment concentration at high temporal (25 Hz) and spatial resolution (±1.5 mm). Sediment concentration profiles are determined by applying the dual-frequency inversion method proposed by . The acoustic bed interface tracking (ABIT) method of Hurther and is applied to determine the vertical positions of the flow bed and the interface between the suspended load and the bed load. This technique relies on the distinction, in the backscattered intensity profile, of the nonmoving bed echo characterized by its immobility from the echo of the moving sediments. The suspension interface corresponds to the position of maximal suspension concentration. These two near-bed echoes can be separated when the acoustic intensity profile is derived from the demodulated Doppler signals instead of using the frequency-modulated acoustic signal in the MHz range with standard ABS technologies. This results in the time evolution of the nonmoving sand bed, the overlaying high-sediment concentration layer (the bed load layer) and the suspended load layer. Combining the interface detection method with the sediment flux profiling ability, the bed load and the suspension load sediment transport can be evaluated along the dune profile [for additional details see also .
The ACVP data presented in the following section (Figures 2-5 ) correspond to the period of time needed for the migration of at least one entire dune length beneath the ACVP. The equilibrium dune length λ e and dune migration speed C e (see Table 1 ) were determined using three echo sounders fixed on a semiautomatic measurement carriage across the flume width. As the dunes were in dynamic equilibrium and therefore migrated with a constant speed along the flume, we are able to transform the ACVP time series into streamwise distance x along the dune by multiplying the measured ACVP time series by the dune migration speed (see Figures 2-5) . Furthermore, the horizontal x and vertical z axes are made dimensionless using the measured dune length and height, respectively.
Results

Mean Streamwise Sediment Fluxes
Contour maps and selected profiles of the total mean streamwise sediment flux cu, mean advective flux c u, and mean turbulent flux c′u′ along the dune bed are shown in Figures 2 and 3 et al. [2014] ). The total mean sediment flux cu (Figures 2a and 3a) is largest close to the bed and decreases with distance from the bed. On the stoss side of the dune in the bed load layer, cu is positive and increases toward the dune crest due to flow acceleration and the associated increase in the bed shear stresses. On the lee side of the dune and mainly in the flow separation region close to the bed, sediment is transported in the opposite direction toward the dune crest, while at higher distance from the bed, a positive sediment flux is observed (see the selected profiles in the dune trough shown in Figure 3a ). Although most of the sediments that are transported over the stoss side of the dune remain in the same dune by deposition on the lee side and in the trough of the dune, thus contributing to dune migration, a significant amount of sediment is advected toward the following dune. This is reflected in the positive flux rates just downstream of the flow reattachment points [see also .
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The mean advective sediment flux c u (Figures 2b and 3b ) displays a very similar behavior as observed for the total mean sediment flux cu. However, alolng the entire dune profile (both dune stoss and dune lee sides) and mainly in the bed load layer, the absolute magnitudes of the advective fluxes are much larger than the total sediment fluxes. This can be clearly observed from the peaks in the selected profiles of c u (Figure 3b ), which are a more pronounced near-bed than the peaks in the selected profiles of cu (Figure 3a) . This overestimation of the total mean flux by the mean advective flux should be compensated by the contribution of the mean turbulent flux c′u′ (see Figures 2c and 3c) . The contour map and selected profiles of c′u′ show negative values over the stoss side of the dune with pronounced peaks in the bed load layer that reaches up to 40% of the total mean sediment flux over the stoss side of the dune. Negative but much smaller values of c′u′ were also observed over a flat bed in an open channel [see Nikora and Goring, 2002] . Over the lee side of the dune and in the dune trough, where turbulent intensities are the highest [see , the contribution of c′u′ to the total sediment flux is even larger and reaches up to 50%. be the result of the shear layer vortices that impact the dune bed, generating turbulent sediment bursts that are absent elsewhere. Negative (downward) sediment fluxes are observed above the upper flat part of the dune and after the dune crest in the dune lee side, with the largest values over the dune crest and dune lee sides reflecting sediment deposition in these locations. In addition, in the dune trough close to the bed, upward vertical fluxes are coupled with small downward fluxes farther from the bed, illustrating the turbulent behavior of the flow in the flow separation zone.
Mean Vertical Sediment Fluxes
Figures 4b and 5b show the mean advective sediment flux c w. Although c w roughly follows the same trend as observed for the total mean sediment flux cw, the peaks observed at the stoss side of the dune in the suspended load layer (Figure 4a ) are not encountered in the contour map of c w (Figure 4b ). In addition, along the entire dune profile (both dune stoss and dune lee sides) and mainly in the bed load layer, the absolute magnitudes of the advective fluxes are generally larger than the total sediment fluxes. This is reflected in the selected profiles of c w (Figure 5b ) that show more pronounced peaks in the near-bed region compared to the selected profiles of cw (Figure 5a ). These differences observed between cw and c w are compensated by the contribution of the mean turbulent flux c'w' (see Figures 4c and 5c ). The contour map of c′w′ (Figure 4c) shows the peaks in the suspended load layer that were not present in the contour map of c w (Figure 4b ) but were observed in the contour map of the total mean sediment flux cw (Figure 4a ). These peaks are thus clearly related to the turbulent burst/generation resulting from the shear layer vortices hitting the dune bed.
Furthermore, in the bed load layer and almost along the entire dune bed, the magnitude of the c′w′ reaches up to 30% of the total mean sediment flux.
Discussion and Recommendations
The present study has focused on the details of sediment flux dynamics along mobile, migrating sand dunes in equilibrium. In particular, the contribution of turbulent sediment fluxes-in both streamwise and vertical directions-to the total sediment fluxes were investigated. Direct sediment flux measurements were carried out using the ACVP during a series of mobile bed experiments. For the investigated experimental condition, we showed that the turbulent flux forms 30-50% of the total mean sediment flux measured along the dune bed. Therefore, indirect measurements of sediment fluxes along mobile dunes could significantly deviate from the actual net sediment fluxes. However, it should be noticed that the results of this study are strongly related to 2-D dune topography in a laboratory flume. Future research is needed to investigate whether these findings are consistent for field conditions with a strong 3-D dune topography and for a wider range of flow conditions. For Figure 5g , the distance between the two vertical lines scales with cw = 0.15 kg m À2 s À1 .
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Another important direction for future research is linking the results of this study to complex numerical models that describe the turbulent flow and sediment concentration above dunes [e.g., Nabi et al., 2013] . In particular, under similar flow and bed conditions, the complex numerical models should be able to reproduce the contribution of the turbulent fluxes to the total fluxes observed in this study. In addition, the new insights obtained in our research may improve the current engineering methods in modeling sediment transport.
Conclusions
Our flume experiments on the measurements of sediment fluxes along migrating dunes have provided new insights into the dynamics of turbulent fluxes. We have shown-for the first time-that the mean turbulent fluxes form a substantial fraction of the total sediment fluxes along migrating dunes. Although our analysis is limited to a particular flow and dune bed condition, the mean turbulent fluxes may play an important role in a wider range of flow and bed conditions especially along turbulent-dominated bedforms such as ripples and antidunes. For the measured flow condition, the main findings of our study can be summarized as follows:
1. The behavior of the total mean streamwise sediment flux cu and the mean advective flux c u is very similar along the dune profile. However, along the entire dune profile and mainly in the bed load layer, the absolute magnitudes of c u are much larger compared to cu. This overestimation is caused by the negative contribution of the mean turbulent flux c′u′. Over the stoss side of the dune, c′u′ reaches up to 40% of the total mean sediment flux, and over the lee side of the dune, the contribution of c′u′ to the total sediment flux is larger and reaches up to 50%. Therefore, indirect measurements of sediment fluxes along dunes (limited to c u) may overestimate the actual sediment fluxes (cu) up to a factor of 2. 2. Contour maps of the total mean vertical flux cw showed peaks on the stoss side of the dune. These peaks were found to be the result of turbulent bursts emanating from the flow detachment zone subject to strong shear instabilities and hitting the dune bed downstream of the flow reattachment point. 3. The mean vertical turbulent flux c'w', along the entire dune bed and in the bed load layer, reaches nearly 30% of the total mean vertical flux cw.
